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Introduction 
1.1. Plant-insect interactions  
 Plants and insects have co-existed for more than 400 million years, evolving a complex 
array of beneficial and deleterious interactions. For instance, plants provide shelter, food and 
oviposition sites for insects and in return plants benefit from cross-fertilization that occurs in the 
process of nectar collection by insects (Panda and Khush 1995). However, insect herbivores 
damage host plants, and depending on the severity of damage, herbivores might be extremely 
harmful and even lead to death of the plants. In order to withstand insect attack, plants have 
developed a plethora of defense mechanisms, including physical barriers such as trichomes 
(Fordyce and Agrawal 2001) and chemical barriers such as production of constitutive and 
induced defense metabolites (Baldwin 2001; Kliebenstein et al. 2001), defensive proteins 
(Haruta et al. 2001) and herbivore-induced plant volatiles that, among other things, attract 
predators of insects (Birkett et al. 2000). On the other hand, in order to overcome plant defense 
barriers, insects have developed counter-defense mechanisms such as detoxification (Scott and 
Wen 2001), rapid excretion (Self et al. 1964) or sequestration (Nishida 2002) of plant 
allelochemicals and have thus adapted to survive and reproduce on their host plants. 
 Many important plant defense compounds are lipophilic, including cardenolides, 
phenylpropanoids, flavonoids, iridoids, and several cyanogenic compounds. Plants often 
synthesize and store these toxic compounds in an inactive precursor form such as hydrophilic 
glycosides to avoid self-intoxication and to increase their stability (Jones and Vogt 2001). Tissue 
damage caused during insect feeding results in the exposure of these inactive compounds to their 
activating plant- or insect glycosidases to form aglycones. The aglycones severely affect the 
physiology and fitness of non-adapted herbivores (Boeckler et al. 2011; Dobler et al. 2011). 
However, lepidopteran herbivores like Mythimna separate, Epirrita autumnata etc. are able to 
detoxify these aglycones via a glycosylation process (Pentzold et al. 2014). In insects, 
deglycosylation of glycosides to form aglycones is considered as toxin activation and 
glycosylation of aglycones is regarded as a common detoxification process (Lindroth 1988; 
Winde and Wittstock 2011; Ahn et al. 2012). Most of the research on deglycosylation has been 
conducted in the compound class of glycosides having single sugar moieties, however 
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deglycosylation of plant allelochemicals having more than one sugar moiety remained 
uninvestigated. 
1.2. The Nicotiana attenuata system and associated arthropods  
  I studied tobacco hornworm (Manduca sexta Linnaeus, 1763) and tomato hornworm (M. 
quinquemaculata Haworth, 1803) (Lepidoptera: Sphingidae) and their host plant wild coyote 
tobacco (Nicotiana attenuata Torr. ex Wats) as model organisms.  
 N. attenuata is a solanaceous annual plant native to the Great Basin Desert in the 
southwestern USA. N. attenuata's germination is triggered in response to smoke cues in post-fire 
environment (Baldwin and Morse 1994). Over the years, N. attenuata has been well studied for 
its defense mechanisms and its interactions with several native herbivores belonging to different 
phylogenetic taxa, and occupying different feeding guilds with diverse host ranges (Halitschke et 
al. 2001; Kessler and Baldwin 2004). Herbivores that attack N. attenuata in its native habitat 
comprise different insect orders including Lepidoptera, Coleoptera, Orthoptera and Hemiptera.  
 The leaf-chewing lepidopteran herbivores M. sexta and M. quinquemaculata solely feed 
on solanaceous plants and are specialist herbivores of N. attenuata while noctuid lepidopteran 
generalist herbivores Spodoptera exigua, Heliothis virescens and cutworms of the genus Agrotis, 
often hide in the soil during the day and feed on a broad range of host plants including N. 
attenuata during the night. The leaf-chewing coleopteran flea beetles Epitrix subcrinita and E. 
hirtipennis bore small holes into the leaves and stems of N. attenuata, and larvae of other two 
coleopteran insects Trichobaris mucorea and Trichobaris compacta, live inside the stems of N. 
attenuata and feed on the pith (Diezel et al. 2011). Leaf-chewing orthopteran grasshoppers of the 
genus Trimerotropis occur occasionally in high abundance and destroy plants over wide areas. 
The sap-sucking hemipteran specialist herbivores Tupiocors notatus, adults and nymphs, are the 
most abundant sucking insects of N. attenuata (Kessler and Baldwin 2004), and generalist 
Empoasca leaf hoppers preferentially attack wild N. attenuata jasmonate mutants in natural 
populations (Kallenbach et al. 2012). The seed feeding hemipteran specialist Corimelaena 
extensa feeds on N. attenuata seeds and decreases seed mass and viability of N. attenuata. 
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Manduca sexta and M. quinquemaculata 
 The two sphingid moths, M. sexta and M. quinquemaculata are congeneric closely related 
(Halitschke et al. 2001; Reisenman et al. 2010; Yoshinaga et al. 2010; Kawahara et al. 2013), or 
sister (Kessler and Baldwin 2002; Nihout and Suzuki 2008), or sympatric sibling species 
(Kessler and Baldwin 2004). They are specialized to feed on nightshades such as Nicotiana, 
Lycopersicon, Solanum, and Datura species and are major defoliators of N. attenuata in its 
native habitat. M. sexta and M. quinquemaculata have similar morphology (Sannino et al. 1995), 
behavior (Peterson et al. 1993), and ecology (Bossart and Gage 1990; Kester and Barbosa 1994 ) 
and are common study subjects for plant-herbivore interactions (Raguso and Willis 1997; 
Schittko et al. 2000; Kessler and Baldwin 2002; Kessler and Baldwin 2004; Schuman et al. 
2012). Their geographic distribution, ranging from Canada to Argentina, matches that of N. 
attenuata.  
Figure 1. (A) Ecological model plant, the wild tobacco N. attenuata germinates in post fire environment. (B) N. 
attenuata's leaf chewing specialist herbivores M. sexta (left) and M. quinquemaculata (right) (C) Transgenic N. 
attenuata plants (rosette stage) growing in a field plot located in its native habitat, the Great Basin desert, Utah, 
USA. (Photos S. Poreddy). 
 Adult moths are nocturnal, feed on the nectar of flowers, and lay eggs on the underside of 
their host plants' leaves. Eggs hatch after on average of 3-4 days and neonates (about 1 mg body 
mass) start to feed on leaves. Usually, larvae pass through five instars within nearly twenty days 
with a molting period between each instar, during which their body mass increases by a thousand 
fold, and later they enter pupation. M. sexta and M. quinquemaculata eggs and larvae are 
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morphologically similar and hard to distinguish until the second-instar. In the third-instar, larvae 
of both the species can clearly be distinguished based on their horn color and line pattern on their 
skin; M. sexta larvae have seven white straight lines and a red colored horn whereas M. 
quinquemaculata larvae have 'V'-shaped yellow color line patterns and a black horn.  
Predator community in N. attenuata's native habitat  
 N. attenuata’s native habitat is also home to various predators that feed on the 
abovementioned herbivores, causing a constant threat to them. The major predators include big-
eyed bugs (Geocoris pallens and G. punctipes), wolf spiders (Camptocosa parallela) and ants; in 
addition, some antlions and lizards also appeared to feed on these herbivores. Geocoris spp are 
the most abundant predators that mainly feed on eggs and first-instar larvae of Manduca spp 
(Schuman et al. 2013). C. parallela is a nocturnal predator and is deterred by nicotine exhaled 
from spiracles of M. sexta larvae (Kumar et al. 2014). 
1.3 Nicotiana attenuata's antiherbivore defense compounds  
 N. attenuata produces a plethora of direct and indirect chemical defenses in order to 
thwart herbivory. N. attenuata’s defense responses against M. sexta attack have been extensively 
studied (Baldwin 1999b; Schittko et al. 2000; Halitschke et al. 2001; Voelckel et al. 2001; Diezel 
et al. 2009; Schuman et al. 2012). After real or simulated herbivory, N. attenuata plants rapidly 
accumulate jasmonic acid (JA) and its bioactive form (+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile) 
in amounts two- to tenfold to that of a standardized mechanical wounding and subsequently, 
activate direct and indirect defense responses (Schittko et al. 2000; Halitschke et al. 2001; 
Halitschke et al. 2003). As a result of JA-Ile accumulation, herbivore associated elicitors elicits 
N. attenuata’s direct defenses by promoting the production and mobilization of compounds 
which directly affect larval growth, such as trypsin protease inhibitors (Zavala and Baldwin 
2004), 17-hydroxygeranyllinalool diterpene glycosides (HGL-DTGs) (Jassbi et al. 2008; Heiling 
et al. 2010), caffeoylputrescine, dicaffeoylspermidine and nicotine (Baldwin 1999a). Simulated 
herbivory with M. sexta's oral secretion or regurgitant (OS) is enough to induce N. attenuata's 
defense responses. Fatty acid-amino acid conjugates and 2-hydroxylinolenic acid present in 
larval OS is responsible for this induction (Halitschke et al. 2001; Gaquerel et al. 2012). In 
addition to the direct defenses, N. attenuata releases volatile organic compounds, sesquiterpenes 
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(Halitschke et al. 2000) and green leaf volatiles (Schuman et al. 2012) that function as an indirect 
defense by attracting predators of herbivores and thereby reducing herbivore load. 
17-hydroxygeranyllinalool diterpene glycosides 
 
Figure 2: Schematic of biosynthesis and structures of lyciumoside IV and its malonylated forms. 
HGL-DTGs are produced by several solanaceous species. HGL-DTGs have been 
reported to exhibit antibiosis activity and reduce larval growth in the tobacco budworm 
(Heliothis virescens) when larvae fed on artificial diets containing HGL-DTGs of N. tabacum 
(Snook et al. 1997). Negative effect of HGL-DTGs on the growth of M. sexta larvae have been 
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reported in several studies using different Nicotiana species with different HGL-DTG profiles, 
such as N. attenuata, N. bigelovii, N. clevelandii and transgenic isogenic lines of N. attenuata as 
a food source (Lou and Baldwin 2003; Jassbi et al. 2006; Jassbi et al. 2008). HGL-DTGs have a 
larger effect on the growth of M. sexta larvae than do nicotine and trypsin proteinase inhibitors 
(Jassbi et al. 2008). M. sexta larvae grew three times larger than controls when fed on transgenic 
N. attenuata plants depleted in their HGL-DTG content by silencing geranylgeranyl 
pyrophosphate synthase (GGPPS), the key enzyme involved in the synthesis of the HGL-DTG 
precursor, geranylgeranyl pyrophosphate (Jassbi et al. 2008; Heiling et al. 2010). 
  N. attenuata contains more than 12 HGL-DTGs with a little diversity in their structures. 
N. attenuata's HGL-DTGs contain multiple sugar moieties attached to an acyclic C20 HGL 
backbone. Hydroxyl groups on the third and seventeenth carbons (C-3 and C-17) of C20 HGL are 
always attached to glucose moieties, which are in turn attached to either glucose or rhamnose 
moieties at C’-2, C’-4, or C’-6 hydroxyl groups. Malonyl groups are additionally attached to 
glucoses at their C’-6 hydroxyl groups, resulting in malonylated HGL-DTGs. Based on the 
number of malonyl groups, these are classified as singly- or di-malonylated HGL-DTGs. 
Lyciumoside IV and its malonylated forms are the major HGL-DTGs that constitute more than 
80% of total HGL-DTGs. (Heiling et al. 2010).  
1.4. RNA interference  
 RNA interference (RNAi) has emerged as a potential molecular tool to study plant or 
insect gene functions in ecological context. RNAi is a sequence-specific gene silencing 
mechanism that operates endogenously in all eukaryotes to control gene expression both at 
transcriptional or post-transcriptional levels (Fire et al. 1998). The initial idea of gene silencing 
phenomenon was originated from attempts to alter visual characteristics of petunia plants. The 
over-expression of the chalcone synthase (CHS) gene in an attempt to enrich flower 
pigmentation unexpectedly resulted in an albino phenotype in some of the petunia plants due to 
silencing of both the transgene and endogenous CHS gene (Napoli et al. 1990), this phenomenon 
is called as “co-suppression”. The RNAi mechanism is first discovered in Caenorhabditis 
elegans (Fire et al. 1998). The RNAi mechanism starts with either endo- or exogenous double 
stranded RNA (dsRNA) in eukaryotic cells and the source of dsRNA could be from an inverted 
repeat (ir) sequence or convergent transcription of transgenes or transposons or viral RNA.  
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 The mechanism of RNAi involves the generation of 21-25 nucleotide short RNA 
intermediates called small interfering RNAs (siRNAs) with two characteristic unpaired 
nucleotide overhangs at the 3’ end of each strand. The siRNAs are produced by the 
endonucleolytic cleavage of the exogenous dsRNA by the multidomain RNAse III enzyme called 
Dicer in an ATP-dependent process (Hamilton and Baulcombe 1999; Zamore et al. 2000). The 
siRNAs are then incorporated into a ribo-nucleoprotein complex, 'RNA induced silencing 
complex' (RISC). The sense strand of siRNA is selectively degraded and then RISC complex 
with the antisense strand of siRNA scans for the complementary mRNA. An argonaute protein 
which binds to the RISC complex cleaves the target mRNA molecule leading to down-regulation 
of the target mRNA accumulation. The PAZ domain of the argonaute protein is involved in the 
transfer of siRNAs to the RISC complex, and the PIWI domain possess the nuclease activity 
responsible for siRNA guided cleavage of the target mRNA. The efficiency of gene silencing 
depends on the amplification of the silencing molecules (siRNAs), i.e generation of subsequent 
siRNA molecules (known as secondary siRNA molecules) by RNA-dependent RNA polymerase 
(RdRP). It has been reported that even a short stretch of homology of 23 nucleotides between the 
target mRNA and the dsRNA results in gene silencing in plants and few molecules of dsRNA is 
enough to achieve the silencing due to amplification of the siRNAs by the RdRPs. There is no 
clear evidence for the presence of RdRP activities in lepidopteran insects. Silencing efficiency is 
also dependent on the systemic RNA interference deficient-1 (sid-1) gene. Sid1 is responsible for 
the spreading of the silencing signal systemically (Winston et al. 2007). 
 RNAi can be induced in insects to silence target genes using different dsRNA 
introduction routes, such as feeding a droplet containing dsRNA or siRNA, through artificial diet 
containing dsRNA or siRNA, plant material expressing dsRNA, or injection of dsRNA or 
soaking of insects in a dsRNA containing solution (Yu et al. 2013). Although injection or 
feeding of dsRNA through artificial diet is often practiced, this technique has limitations, such as 
lack of the continuous supply of dsRNA molecules, degradation of dsRNA molecules in artificial 
diets and difficulty to apply under field conditions, which can be circumvent using plant-
mediated RNAi (PMRi).  
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Plant-mediated RNAi  
 
Figure 3: Plant-mediated RNAi of M. sexta's β-glucosidase gene 
Host plants expressing dsRNA targeting an insect gene, the PMRi, continuously supply 
adequate numbers of dsRNA molecules to insect midguts (Mao et al. 2007) and enhances the 
silencing efficacy. The application of PMRi to silence insect genes was first demonstrated using 
transgenic Arabidopsis thaliana plants expressing dsRNA of CYP6AE14, the gene responsible 
for gossypol tolerance in Helicoverpa armigera (Mao et al. 2007). During insect feeding, dsRNA 
produced by stable or transient transgenic host plants could penetrate the insect gut cells and 
reduce the expression of target genes. Several studies have demonstrated successful gene 
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silencing in various insect orders such as Coleoptera, Lepidotera and Hemiptera using stable or 
transient transgenic PMRi (Baum et al. 2007; Mao et al. 2007; Mao et al. 2011; Pitino et al. 
2011; Zha et al. 2011; Kumar et al. 2012; Liu et al. 2015; Mamta et al. 2015). A recent advance 
in PMRi to control insects is achieved by expressing exogenous dsRNAs targeting the β-actin 
gene of the Colorado potato beetle (CPB) via chloroplast transformation in potato (Zhang et al. 
2015). Transplastomic potato plants were shown to be lethal to CPB larvae and were protected 
from CPB attack (Zhang et al. 2015). PMRi is applied to silence M. sexta's midgut-expressed 
CYP6B46 using transient or stable N. atteanuata plants expressing MsCYP6B46 dsRNA and 
enabled to understand the role of CYP6B46 in exhaling small amounts of ingested nicotine 
through spiracles to deter spiders (Kumar et al. 2012; Kumar et al. 2014). 
1.5. Scope of the thesis 
 This thesis consists of two manuscripts. In manuscript I, I described β-glucosidase 
mediated an unusual detoxification strategy adapted by M. sexta larvae against its host N. 
attenuata's most abundant multiply glycosylated defense compounds, the HGL-DTGs and the 
consequences of this counter-adaptation for tritrophic interactions. I used the PMRi approach to 
unravel this detoxification strategy. And in Manuscript II, I applied PMRi to silence midgut-
expressed genes in wild M. quinquemaculata larvae in nature and showed that the PMRi 
procedure can robustly and specifically silence genes in native congeneric insects that share 
sufficient sequence similarity and with careful selection of targets, can protect crops from attack 
by congeneric insects. 
N. attenuata plants produce HGL-DTGs in quantities equivalent to starch, in order to 
defend against its specialist herbivore M. sexta. Lyciumoside IV and its singly- and di-
malonylated forms nicotianoside I and nicotianoside II, respectively constitute ~80% of these 
HGL-DTGs. The overall aim of my thesis was to investigate how M. sexta defends against the 
most abundant chemical defense metabolites of its natural host N. attenuata, and the ecological 
consequences of this counter-defense. I used a combination of interdisciplinary methods such as 
PMRi, various analytical techniques and field experiments to elucidate the counter-defense 
strategy adapted by M. sexta larvae against host HGL-DTGs and described how a β-glucosidase 
mediates an unusual counter-adaptation mechanism in M. sexta in Manuscript I.  
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M. sexta and its closely related species M. quinquemaculata co-occur in N. attenuata's 
native habitat and M. quinquemaculata is also specialized to feed on N. attenuata plants. M. 
sexta midgut-expressed counter-defense genes CYP6B46 and β-glucosidase1 shared greater 
similarity with homologous sequences of M. quinquemaculata. In Manuscript II, I 
demonstrated homologous silencing of CYP6B46 and β-glucosidase1 genes in native M. 
quinquemaculata under field conditions using PMRi lines which were originally generated from 
M. sexta sequences and showed the potential of PMRi in silencing homologous genes with 
greater sequence similarity in congeneric species.  
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2. Manuscript Overview 
Manuscript I 
Detoxification of hostplant’s chemical defence rather than its anti-predator co-option 
drives β-glucosidase-mediated lepidopteran counteradaptation 
Spoorthi Poreddy, Sirsha Mitra, Matthias Schöttner, Jima Chandran, Bernd Schneider, Ian T. 
Baldwin, Pavan Kumar & Sagar S. Pandit. 
Published in Nature Communications, 6:8525/DOI: 10.1038/ncomms9525 
 In this manuscript, I described Manduca sexta’s unusual counter-adaptation strategy 
against its host Nicotiana attenuata's most abundant chemical defenses, 17-
hydroxygeranyllinalool diterpene glycosides, namely lyciumoside IV and its malonylated forms, 
and what are the ecological consequences of this counter-adaptation. The malonyl groups from 
malonylated lyciumoside IV were lost in the alkaline environment of larval regurgitant and 
lyciumoside IV was detoxified by deglucosylation via a midgut-expressed β-glucosidase1. 
Silencing of β-glucosidase1 by plant-mediated RNAi approach suppressed the larval lyciumoside 
IV deglycosylation and the β-glucosidase1-silenced larvae showed molting impairment and 
increased mortality. Furthermore, β-glucosidase1 silencing increased larval unpalatability to a 
native predator, wolf spiders, in N. attenuata's native habitat. External coating of lyciumoside IV 
on larvae deterred spiders, suggesting that the defensive co-option of lyciumoside IV could be 
ecologically advantageous to M. sexta, but M. sexta detoxifies this allelochemical rather than co-
opting it perhaps to avoid its deleterious effects. 
SP designed and performed the experiments, analyzed the data and wrote the manuscript. SM 
contributed to the demalonylation experiment, MS contributed to the MicroTOF data analysis, 
JC and BS carried out the NMR work. PK contributed to the field experiments. ITB coordinated 
the study and revised the manuscript. SSP coordinated the study and wrote the manuscript.  
 
Note: The following abbreviations are used in the published manuscript; Lyc4- lyciumoside IV, Nic1- 
Nicotianoside I, Nic2- Nicotianoside II, BG1- β-glucosidase1 
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Manuscript II 
Plant-mediated RNAi silences midgut-expressed genes in congeneric lepidopteran insects in 
nature 
Spoorthi Poreddy, Jiancai Li and Ian T. Baldwin 
Manuscript submitted in the Journal of Integrative Plant Biology 
 In this manuscript, I explained silencing of midgut-expressed genes, namely CYP6B46 
and β-glucosidase1 in native M. quinquemaculata larvae under field conditions using Plant-
mediated RNAi (PMRi). RNAi induced silencing in lepidopteran insects using dsRNA delivery 
methods such as injection and feeding via artificial diets remains controversial because of both 
successful and unsuccessful reports. However, the continuous delivery of dsRNA using PMRi 
has always resulted in silencing of target genes and has enormous potential for crop protection. 
The wild tobacco N. attenuata is attacked by two closely related lepidopteran specialist 
herbivores M. sexta and M. quinquemaculata. The PMRi lines used to silence M. sexta’s midgut-
expressed genes, nicotine-ingestion induced CYP6B46 (irCYP6B46 plants) and lyciumoside-IV-
ingestion induced β-glucosidase1 (irβ-glucosidase1 plants) also silenced the homologous genes 
in native M. quinquemaculata larvae feeding on these transgenic plants in nature. The PMRi 
lines shared 98 and 96% sequence similarity with M. quinquemaculata homologous coding 
sequences, and CYP6B46 and β-glucosidase1 transcripts were reduced by ca. 90 and 75% in the 
midguts of irCYP6B46- and irβ-glucosidase1-fed fourth-instar M. quinquemaculata larvae, 
without reducing the transcripts of their most similar, potential off-target genes, suggesting that 
PMRi procedure can robustly and specifically silence genes in native congeneric insects that 
share sufficient sequence similarity. 
SP designed and performed the lab and field experiments, analyzed the data and wrote the 
manuscript. JL contributed to the lab experiments and ITB coordinated the study and wrote the 
manuscript. 
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Manuscript I 
 
Detoxification of hostplant’s chemical defence rather than its anti-predator 
co-option drives β-glucosidase-mediated lepidopteran counteradaptation 
Spoorthi Poreddy, Sirsha Mitra, Matthias Schöttner, Jima Chandran, Bernd Schneider, Ian T. 
Baldwin, Pavan Kumar & Sagar S. Pandit. 
Published in Nature Communications, 6:8525/DOI: 10.1038/ncomms9525 
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Supplementary Figure 1. HGL-DTG levels in uninduced and herbivory induced leaves. Total HGL- 
DTG concentrations [F1,4 = 36.88, P ≤ 0.0037; significant differences (threshold: P≤ 0.05) between means 
(± SE) determined by Fisher’s LSD test (one-way ANOVA); n= 3] and proportions of malonylated and 
non-malonylated forms in uninduced and M. sexta herbivory-induced N. attenuata leaves. Together with 
the data in Fig. 1b, which shows proportions of various HGL-DTGs in uninduced and induced leaves, this 
data shows the quantitative increase contributed by increases in Lyc4, Nic1 and Nic2 contents in 
herbivory-induced leaves.
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Supplementary Figure 2: Structure and key HMBC correlations (
1
H→13C) of 3-O-[α- 
rhamnopyranosyl-(14)-β-glucopyranosyl]-17-hydroxygeranyllinalool (RGHGL). The colors of 
the arrows correspond to the colors of the cross signals in the spectra shown in Supplementary Fig. 3- 
7.
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Supplementary Figure 3: Partial HMBC spectrum (500 MHz, MeOH-d4 ) of RGHGL
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Supplementary Figure 4: Partial HMBC spectrum (500 MHz, MeOH-d4 ) of RGHGL
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Supplementary Figure 5: Partial HMBC spectrum (500 MHz, MeOH-d4 ) of RGHGL
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Supplementary Figure 6: Partial HSQC spectrum (500 MHz, MeOH-d4 ) of RGHGL
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Supplementary Figure 7: Partial HMBC spectrum (500 MHz, MeOH-d4 ) of RGHGL
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Supplementary Figure 8. U(H)PLC/ ESI-QTOF-MS based analysis of Lyc4, RGHGL and 
rebaudioside A. Standard curves of (a) Lyc4 (b) RGHGL and (c) rebaudioside A (internal standard) 
revealed linear responses of U(H)PLC/ESI-QTOF MS to them (n= 3 for each concentration of a 
compound); limit of detection of rebaudioside A was 0.3 ng. Standard curves of (d) Lyc4 and (e) RGHGL 
(f) rebaudioside A revealed linear responses of HPLC-ELS1A to them (n= 3 for each concentration of a 
compound); rebaudioside A was used as an external standard for the relative quantification of these 
compounds by HPLC-ELS1A and its limit of detection was 15 ng. Plots showing linearity in extraction 
efficiency of (g) Lyc4 and (h) RGHGL (i) rebaudioside A, from standard addition experiments with frass; 
for both the compounds, extraction efficiency was >90% when 2, 4, 6, 8, 16 and 32 µg of each compound 
was spiked to 100 mg frass (n= 3 for each spiking concentration) before extraction and analyzed by 
HPLC-ELS1A.
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Supplementary Figure 9. M. sexta possesses three BGs; MsBG2 and MsBG3 transcripts are not 
upregulated upon Lyc4 ingestion. (a) Phylogeny of M. sexta glycoside hydrolases (only ORFs) 
deciphered using Clustal-W (thousand bootstrapping trials; only the bootstrap values >50 displayed) 
showing that M. sexta transcriptome contains three BGs; MsBG2 and MsBG3 are 60.2% and 51.5% 
similar to MsBG1, respectively. BG2 transcripts (relative to ubiquitin) in midguts of fourth-instar larvae 
feeding on (b) Lyc4-containing EV and Lyc4-deplete irGGPPS plants (n= 6) and (c) artificial diet 
containing water (control), 6 mM Lyc4 or RGHGL (n= 6). BG3 transcripts (relative to ubiquitin) in 
midguts of fourth-instar larvae feeding on (d) Lyc4-containing EV and Lyc4-deplete irGGPPS plants (n= 
6) and (e) artificial diet containing water (control), 6 mM Lyc4 or RGHGL (n= 6).
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Supplementary Figure 10. Characterization of transgenic irBG1 N. attenuata lines and BG1- 
silenced M. sexta larvae. (a) Southern hybridization over the HindIII digested genomic DNA, showing 
the presence of a single copy of transgene fragment inserted in two independently generated transgenic 
irBG1 N. attenuata lines (375-10 and 379-8); wild type control shows the absence of transgene insertion. 
1kb DNA ladder was used as a size marker. (b) Northern hybridization showing the presence of BG1 
small RNA in irBG1 (375-10) and irBG1 (379-8) N. attenuata leaves and in the midguts of fourth-instar 
larvae feeding on the respective stable transgenic lines; RNA from EV leaves and midgut of larvae those 
were feeding on EV leaves were used as negative controls, respectively. (c) BG1 transcripts (relative to 
ubiquitin) in midguts of fourth-instar larvae feeding on the second independently transformed irBG1 line 
(379-8) [F1,10 = 940.5, P≤ 0.0001; significant differences (threshold: P≤ 0.05) between means (± SE) 
determined by Fisher’s LSD test (one-way ANOVA); n= 6], showing equal silencing as that achieved by 
feeding on irBG1 (375-10) (shown in Fig. 3E). (d) Flowering EV and independently transformed irBG1 
plants (375-10 and 379-8) plants showing that the transformation of PMRi construct did not affect plant 
morphology. (e) Concentrations of various secondary metabolites in leaves of EV and independently 
transformed irBG1 lines (375-10 and 379-8) (n= 5); since morphologies and the secondary metabolite 
concentrations and MsBG1 silencing efficiencies of 375-10 and 379-8 did not differ, 375-10 was 
randomly selected for the further experimentation. Transcripts (relative to ubiquitin) of (f) MsBG2 (60.2% 
similar to MsBG1) and (g) MsBG3 (51.5% similar to MsBG1) in the midguts of fourth-instar EV- and 
irBG1-feeding larvae showing that the off-target silencing of MsBG2 and MsBG3 had not occurred while 
silencing MsBG1 (n= 6).
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Supplementary Figure 11. Characterization of BG1-silenced M. sexta larvae. Concentration of (a) 
Lyc4 [midgut: F1,11 = 2.96, P≤ 0.05; hindgut: F1,11 = 6.41, P≤ 0.02; hemolymph: F1,8 = 14.9, P≤ 0.005; fat 
body+ skin: F1,11 = 5.926, P≤ 0.03; significant differences (threshold: P≤ 0.05) between means (± SE) 
determined by Fisher’s LSD test (one-way ANOVA, separately conducted for each tissue);] and (b) 
RGHGL [ midgut: F1,11 = 13.7, P≤ 0.005; significant differences (threshold: P≤ 0.05) between means (± 
SE) determined by Fisher’s LSD test (one-way ANOVA, separately conducted for each tissue);] in 
foregut, midgut, hindgut, hemolymph, Malpighian tubules and skin with fat body of fourth-instar larvae 
feeding on EV and irBG1 (375-10) N. attenuata plants. For Lyc4 as well as RGHGL concentrations in 
foregut, midgut, hindgut, hemolymph, Malpighian tubules and skin with fat body of EV-fed larvae, n= 7, 
7, 7, 6, 5 and 7, respectively and for Lyc4 concentration in foregut, midgut, hindgut, hemolymph, 
Malpighian tubules and skin with fat body of irBG1-fed larvae, n= 7, 6, 6, 4, 5 and 6, respectively. (c) 
Lyc4 and RGHGL are not degraded in frass over the 24 h period of the excretion efficiency determination 
assays. Fresh frass was spiked with each metabolite to attain the final concentration of 0.5%; the spiked 
frass was extracted and analyzed after zero and 24 h of incubation to quantify the recovered metabolite 
(n= 3). (d) Stages of molting impairment leading to mortality in M. sexta larvae feeding on irBG1 plants.
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Supplementary Figure 12. BG1 transcripts and Lyc4 and RGHGL concentrations in larvae feeding 
on Lyc4- and RGHGL-supplemented leaves. (a) BG1 transcripts (relative to ubiquitin) in midguts 
[F7,40 = 9253, P≤ 0.0001; significant differences (threshold: P≤ 0.05) between means (± SE) determined 
by Games Howell test (Welch’s ANOVA); n= 6] and (b) Lyc4 [F7,24 = 75.39, P≤ 0.0001; significant 
differences (threshold: P≤ 0.05) between means (± SE) determined by Games Howell test (Welch’s 
ANOVA); n= 4] and (c) RGHGL [F7,24 = 50.77, P≤ 0.0001; significant differences (threshold: P≤ 0.05) 
between means (± SE) determined by Games Howell test (Welch’s ANOVA); n= 4] concentrations in the 
 
bodies of M. sexta larvae after 8d feeding on water coated EV, irBG1, irGGPPS and B×G leaves, Lyc4 
coated (final concentration 6 mM) irGGPPS and B×G leaves and RGHGL coated (final concentration 6 
mM) irGGPPS and B×G leaves. (d) Lyc4 and RGHGL coated on irGGPPS leaf are not degraded over the 
24 h period. Each detached leaf was coated with Lyc4 or RGHGL to attain the final concentration of 6 
mM and was extracted and analyzed after zero and 24 h of incubation to quantify the recovered 
metabolite (n= 5).
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Supplementary Figure 13. Spiders do not choose between EV- irBG1- and irGGPPS-fed larvae. 
 
Spider’s prey capture and killing (%) in choice assays (1 h) on second-instar M. sexta larvae feeding on 
 
(a) EV or irBG1, (b) EV or irGGPPS and (c) irBG1 and irGGPPS plants (n= 30 in all assays). (d) Spider’s 
prey capture and killing (%) [significant differences (P≤ 0.05) determined by Fisher’s exact test of 
frequencies; n= 30] and (e) prey ingestion (% of total killed) [significant differences (P≤ 0.05) determined 
by Fisher’s exact test of frequencies; n= 30] in no-choice assays (1 h) on second-instar water-, Lyc4- or 
RGHGL-coated (final concentration 6 mM for both Lyc4 and RGHGL) M. sexta larvae feeding on AD. 
Spider’s prey capture and killing (%) in choice assays (1 h) on AD-feeding second-instar M. sexta larvae 
coated with (f) water or Lyc4 (final concentration 6 mM) [significant difference (P≤ 0.05) determined by 
Fisher’s exact test of frequencies; n= 21], (g) water or RGHGL (final concentration 6 mM) (n= 21) and 
(h) Lyc4 (final concentration 6 mM) or RGHGL (final concentration 6 mM) [significant difference (P≤ 
 
0.05) determined by Fisher’s exact test of frequencies; n= 21]. Please note that prey capture and killing 
percentages using AD-fed larvae are higher than those obtained using irGGPPS-fed larvae (Fig. 6 d-f and 
h-i) because AD does not contain nicotine, which larvae ingest from irGGPPS plants and exhale to deter 
spiders. (i) Lyc4 and RGHGL topically coated to the larval body are not degraded over the period of 
choice or no-choice assays (1 h). Each larva was coated with either Lyc4 or RGHGL to attain the final 
concentration of 6 mM; it was washed after zero and 1 h of incubation and the wash was analyzed to 
quantify the recovered metabolite (n= 3).
 Chapter 3    Manuscript I 
 
40 
 
Supplementary Table 1. 
1
H NMR (500 MHz) and 
13
C NMR (125 MHz) chemical shifts for RGHGL in 
 
MeOH-d4 
 
 
Position 
 
δH, multiplet, J (Hz) 
 
δC 
  
Position 
 
δH, multiplet, J (Hz) 
 
δC 
 
1a 
 
5.23, dd, 17.8, 1.2 
   
Glucose 
  
 
1b 
 
5.20, dd, 11.1, 1.2 
116.0   
1' 
 
4.36, d, 8.0 
 
99.5 
 
2 
 
5.93, dd, 17.8, 11.1 
 
144.5 
 
 
2' 
 
3.20, dd, 8.0, 9.2 
 
75.4 
 
3 
 
 
81.6 
 
 
3' 
 
3.42, dd, 9.2, 9.4 
 
77.0 
 
4 
 
1.59, m 
 
42.8 
 
 
4' 
 
3.52, dd, 9.4, 9.4 
 
79.7 
 
5 
 
2.05, m 
 
23.7 
 
 
5' 
 
3.24, m 
 
76.6 
 
6 
 
5.11, t, 7.3 
 
125.8* 
 
 
6'a 
 
3.76, dd, 12.0, 2.2 
 
 
7 
  
136.0 
  
6'b 
 
3.64, dd, 12.0, 4.3 
62.2 
 
8 
 
1.99, m 
 
41.2** 
 
 
Rhamnose 
  
 
9 
 
2.08, m 
 
27.6 
 
 
1" 
 
4.85, d, 1.7 
 
102.9 
 
10 
 
5.11, t, 7.3 
 
125.9* 
 
 
2" 
 
3.83, dd, 3.3, 1.7 
 
72.5 
 
11 
 
 
135.8 
 
 
3" 
 
3.63, dd, 9.6, 3.3 
 
72.3 
 
12 
 
1.99, m 
 
40.9** 
 
 
4" 
 
3.40, dd, 9.6, 9.4 
 
73.9 
 
13 
 
2.15, m 
 
27.4 
 
 
5" 
 
3.96, dq, 9.4, 6.2 
 
70.7 
 
14 
 
5.26, t, 7.1 
 
128.6 
 
 
6" 
 
1.26, d, 6.2 
 
18.0 
 
15 
 
 
135.7 
    
 
16 
 
1.75, s 
 
21.7 
    
 
17 
 
4.06, s 
 
61.5 
    
 
18 
 
1.59, s 
 
16.2 
    
 
19 
 
1.59, s 
 
16.2 
    
 
20 
 
1.38, s 
 
23.3 
    
*, **: May be interchanged
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Supplementary Table 2. M. sexta gene primers used in various experiments 
 
Primer 
 
pair No 
 
Gene 
 
Primer sequences (5'-3') 
 
Use 
 
 
1 
 
 
MsBG1.1 
For- CTCGCTTGTTATGGCGGGT 
 
 
Rev- GCGGCAGTGGCTGCAC 
Amplification of 301bp fragment to 
 
clone in PMRi vector 
 
 
2 
 
 
MsBG1.2 
 
For- TCGTCCTTCTCGCTTGTTATG 
 
 
Rev- GCTGCACCAAACAGAAATCC 
Transcript quantification and testing the 
silencing efficiency of M. sexta BG1 
 
 
3 
 
 
MsBG1.3 
 
For- TCGAGTCCTAGCTCTCTCATCA 
 
 
Rev- GGACAAAACGTGTCACATGGTA 
Generation of probe for northern 
hybridization 
 
 
4 
 
 
MsBG2 
 
For- CCACGGTCACAAGTTAAGGC 
 
 
Rev- CTTTTGCCGTCCTCATTCCAC 
Transcript quantification and testing the 
co-silencing efficiency of M. sexta BG2 
 
 
5 
 
 
MsBG3 
 
For- GGATCTGCCGCAAAGACTG 
 
 
 
Rev- TCACTCTATCGCCGAAGTTCTC 
 
Transcript quantification and testing the 
co-silencing efficiency of M. sexta BG3 
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Supplementary Table 3. APHIS notification numbers for importing transgenic N. 
attenuata seeds and releasing plants at the field station, Utah, USA. 
 
Line Import # Year Release# 
EV 07-341-101n 2013 13-051-101r 
 
irGGPPS 
 
(NaGGPPS NCBI accession no. EF382626) 
 
07-341-101n 
 
2013 
 
13-051-101r 
 
irBG1 
 
(MsBG1 NCBI accession no. FK816842) 
 
10-004-105m 
 
2013 
 
13-051-101r 
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Abstract  
 Plant-mediated RNAi (PMRi) silencing of insect genes has enormous potential for crop 
protection, but whether it works robustly under field conditions, particularly with lepidopteran 
pests, remains controversial. Wild tobacco Nicotiana attenuata and cultivated tobacco (N. 
tabacum) (Solanaceae) is attacked by two closely related specialist herbivores Manduca sexta 
and M. quinquemaculata (Lepidoptera, Sphingidae). When M. sexta larvae attack transgenic N. 
attenuata plants expressing double-stranded RNA (dsRNA) targeting M. sexta’s midgut-
expressed genes, the nicotine-ingestion induced cytochrome P450 monooxygenase (irCYP6B46-
plants) and the lyciumoside-IV-ingestion induced β-glucosidase1 (irBG1-plants), these larval 
genes which are important for the larvae’s response to ingested host toxins, are strongly silenced. 
Here we show that the PMRi procedure also silences the homologous genes in native M. 
quinquemaculata larvae feeding on these transgenic plants in nature. The PMRi lines shared 98 
and 96% sequence similarity with M. quinquemaculata homologous coding sequences, and 
CYP6B46 and BG1 transcripts were reduced by ca. 90 and 75%, without reducing the transcripts 
of the larvae’s most similar, potential off-target genes. We conclude that the PMRi procedure can 
robustly and specifically silence genes in native congeneric insects that share sufficient sequence 
similarity and with the careful selection of targets, can protect crops from attack by congeneric-
groups of insect pests. 
 
Keywords: RNA interference, Plant-mediated RNAi, Manduca quinquemaculata, CYP6B46, β-
glucosidase, transgenic tobacco plants.   
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INTRODUCTION  
 RNA interference (RNAi) is a sequence-specific, double stranded RNA (dsRNA) induced 
gene-silencing mechanism that operates at transcriptional or post-transcriptional levels and is 
conserved across all the eukaryotes (Fire et al. 1998), including lepidopteran insects (Terenius et 
al. 2011). Since the RNAi mechanism was first demonstrated in Caenorhabditis elegans in 1998, 
RNAi has emerged as a potent gene-silencing tool for loss-of-function analyses in a wide range 
of organisms (Fire et al. 1998; Kalleda et al. 2013; Younis et al. 2014). RNAi has emerged as the 
most powerful technique to analyze gene function in insects, for which stable transgenesis is not 
available (Gordon and Waterhouse 2007; Terenius et al. 2011). The success of RNAi in insects is 
highly dependent on the insect-species, target gene and its function, organ of gene expression 
and mode of delivery of silencing molecules (Huvenne and Smagghe 2010; Terenius et al. 2011). 
RNAi-mediated gene silencing in some insect species is quite robust and can even be transmitted 
to subsequent generations via germ line transmission (Bucher et al. 2002; Lynch and Desplan 
2006; Mito et al. 2008). In contrast, lepidopteran species, particularly in laboratory experiments 
with injected dsRNA are recalcitrant to the procedure (Terenius et al. 2011; Garbutt and 
Reynolds 2012). 
 Although the silencing of target genes in insects is achieved by various dsRNA 
introduction strategies, such as microinjection or oral delivery via artificial diets (Yu et al. 2013), 
gene silencing can be enhanced and possibly achieved under field conditions by engineering host 
plants to produce dsRNAs (Gordon and Waterhouse, 2007). An efficient method to down-
regulate cotton bollworm defense genes using plant-mediated RNAi (PMRi) has been described 
by engineering host plants to produce dsRNAs directed against bollworm larvae's P450 
monooxygenase (CYP6AE14) gene in laboratory experiments (Mao et al. 2007). Several studies 
have demonstrated successful gene silencing in various insect orders such as Coleoptera, 
Lepidotera and Hemiptera using stable or transient transgenic PMRi plants (Baum et al. 2007; 
Mao et al. 2007; Mao et al. 2011; Pitino et al. 2011; Zha et al. 2011; Kumar et al. 2012; Liu et al. 
2015; Mamta et al. 2015). A recent advance in PMRi to control insects was achieved by 
expressing exogenous dsRNAs targeted against the β-actin gene of the Colorado potato beetle 
(CPB) via chloroplast transformation in potato. Transplastomic potato plants were shown to be 
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lethal to CPB larvae and were protected from CPB attack in glasshouse experiments (Jin et al. 
2015).  
The capacity of insect pests to adapt to conventional insecticides (Kranthi et al. 2002) or 
to Bacillus thuringiensis (Bt) expressing plants (Storer et al. 2010) is an ongoing concern for the 
long-term pest management of crop plants. The PMRi approach offers the potential to develop 
insect-resistant crops that produce insecticidal dsRNAs, but only a few reports have 
demonstrated its potential under field conditions (Pitino et al. 2011; Kumar et al. 2014; Liu et al. 
2015; Poreddy et al. 2015). Crop plants are commonly attacked by congeneric insect pests, for 
instance Spodoptera litura and S. exigua are both major pests of various crops (Xiu et al. 2008); 
Helicoverpa armigera and H. punctigera are major pests of cotton (Liao et al. 2002); H. 
armigera and H. zea attack maize plants (Fitt 1989). Hence whether PMRi can silence conserved 
essential genes in congeneric insect pests under field condition would be an important test of this 
procedures utility as a crop protection tool. 
The congeneric species, tobacco hornworm (Manduca sexta, Linnaeus, 1763) and tomato 
hornworm (M. quinquemaculata, Haworth, 1803) (Lepidoptera: Sphingidae) are closely related 
sympatric sibling species (Halitschke et al. 2001; Kessler and Baldwin 2004; Kawahara et al. 
2013) that both attack solanaceous crops in North America (Kester and Barbosa 1994 ). These 
two insects have similar morphologies (Sannino et al. 1995), behavior (Peterson et al. 1993), and 
ecology (Bossart and Gage 1990) and their host-plant interactions have been intensely studied 
(Raguso and Willis 1997; Schittko et al. 2000; Kessler and Baldwin 2002, 2004). Both of these 
hornworm species are signiﬁcant pests on solanaceous crops in North America. In nature, the 
annual tobacco plant Nicotiana attenuata Torr. ex Wats, native to Great Basin Desert of 
southwestern Utah is a common host plant for both of these pest insects and both also attack 
cultivated tobacco.  
Recently, we elucidated M. sexta's counter-adaptation strategies against two of N. 
attenuata's major chemical defenses, namely nicotine and 17-hydroxygeranyllinalool diterpene 
glycosides (HGL-DTGs), by silencing M. sexta's midgut-expressed cytochrome P450 
monooxygenase (CYP6B46) and β-glucosidase1 (BG1) genes. This was accomplished by 
developing transgenic N. attenuata PMRi lines that expressed inverted repeat (ir) constructs of 
CYP6B46 and BG1 and planting these plants into field plots in the plants and insects native 
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habitat (Kumar et al. 2014; Poreddy et al. 2015). Since M. sexta and M. quinquemaculata are 
closely related, co-occurring species in N. attenuata's native habitat (Kessler and Baldwin 2001), 
we hypothesized that PMRi plants producing M. sexta's CYP6B46 and BG1 dsRNA could 
silence the homologous genes in native M. quinquemaculata.  
RESULTS 
Experimental system used to evaluate homologous gene silencing  
 M. sexta and M. quinquemaculata are two specialist herbivores of N. attenuata (Figure 
1A). Previously, we silenced the expression of CYP6B46 and BG1 in M. sexta larval midguts 
using PMRi lines irCYP6B46 (Kumar et al. 2014) and irBG1 (Poreddy et al. 2015), respectively. 
These stable transgenic irCYP6B46 and irBG1 N. attenuata lines were generated using 
Agrobacterium tumefaciens-mediated transformation with an inverted repeat of 312 and 301 bp 
MsCYP6B46 and MsBG1 complementary DNA (cDNA), respectively. Here, we utilized these 
PMRi plants generated from M. sexta genes to examine the silencing of the homologous genes in 
a feral population of M. quinquemaculata (Figure 1B).  
M. sexta CYP6B46 and BG1 genes share high sequence similarity with M. quinquemaculata 
homologous genes  
 Since PMRi operates in a sequence specific manner to silence target gene transcripts, 
homologous gene silencing depends on sequence similarities between homologous genes 
particularly in the regions that are used in the generation of the transgenic plants. To test the 
sequence similarities of MsCYP6B46 and MsBG1 with their corresponding homologous genes in 
M. quinquemaculata, we aligned the partial coding sequences of MsCYP6B46 (312 bp) and 
MsBG1 (301 bp) used in the generation of the irCY6B46 and irBG1 PMRi plants with the coding 
regions of M. quinquemaculata's homologous genes. We found that the M. sexta CYP6B46 
fragment cloned to generate the irCYP6B46 plants shared 98% sequence similarity with the M. 
quinquemaculata CYP6B46 sequence (Figure 2A) and that the M. sexta BG1 fragment cloned to 
generate the irBG1 plants shared 96% sequence similarity with the M. quinquemaculata BG1 
sequence (Figure 2B). Notably, several identical homologous regions of >21nt were identified in 
the alignments (Figure 2A, B).  
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Silencing of CYP6B46 and BG1 in wild M. quinquemaculata  
 Naturally oviposited wild Manduca spp eggs (Figure 3A) were collected from the study 
area and larvae were reared on EV, irPMT, irGGPPS, irCYPB46 and irBG1 plants (Table 1) that 
were planted in a field plot located in N. attenuata's native habitat (Figure 3B), until they had 
reached the fourth-instar. The two species are easily distinguished when they attain the third-
instar. In M. sexta larvae CYP6B46 and BG1 are the midgut-expressed genes that are induced in 
response to the ingestion of nicotine and lyciumoside IV (a major HGL-DTG), respectively. To 
test whether these candidate genes were midgut expressed in M. quinquemaculata, and are 
induced by the ingestion of nicotine and lyciumoside IV, we profiled their transcript levels in 
various tissues, including foregut, midgut, hindgut, hemolymph, Malpighian tubules and fat body 
along with skin, in nicotine and lyciumoside IVcontaining EV-fed control, nicotine depleted 
irPMT-fed, and lyciumoside IV depleted irGGPPS-fed larvae. Both the genes, namely CYP6B46 
(P≤0.001; Figure 3C) and BG1 (P≤0.001; 3D) were found to have relatively higher expression 
levels in the midguts of larvae feeding on EV plants than in the larvae feeding on irPMT and 
irGGPPS plants, respectively suggesting that feeding on nicotine- and lyciumoside IV-containing 
EV plants strongly induced the midgut expression of CYP6B46 and BG1 transcripts. Although 
the transcript abundance of CYP6B46 was higher (P≤0.005; Figure 3C) in hindguts and 
Malpighian tubules of larvae feeding on EV plants than in the larvae feeding on irPMT plants, 
the CYP6B46 expression in these tissues is significantly lower (six fold) as compared to that of 
midguts. 
 Midguts of irCYP6B46-fed larvae showed >90% lower abundance of CYP6B46 
transcripts than that of EV-fed larvae. Feeding on the irCYP6B46 PMRi plants which contain 
nicotine levels similar to those of EV plants reduced the CYP6B46 transcript levels to that found 
in larvae feeding on nicotine-depleted irPMT plants (Figure 3C; F
2,15
=7.219 P≤ 0.006). 
Transcript abundance of BG1 in the midguts of irBG1-fed larvae was >80 % lower than that of 
EV-fed larvae and the reduction in BG1 transcripts was not observed in other tissues of irBG1-
fed larvae. Feeding on the irBG1 PMRi plants which contain HGT-DTGs similar to those of EV 
plants reduced the BG1 transcript abundance to levels found in larvae feeding on HGT-DTG-
depleted irGGPPS plants (Figure 3D; F
2,14
= 9.458 P≤ 0.002).  
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Sequence analysis of MqCYP6B46 and MqBG1 with their potential off-target genes  
 Gene silencing may also result in silencing of non-target genes that belong to closely 
related gene families if they share high sequence similarities in the targeted regions. Off-target 
effects could be minimized by using a region of coding sequence for inverted repeat construct 
preparation which is specific to the targeted gene and do not share high sequence similarity with 
other closely related genes. Sequence similarities of MqCYP6B46 and MqBG1 coding sequences 
with their corresponding potential off target genes MqCYP6B45 and MqBG2, respectively were 
determined by aligning their coding regions. MqCYP6B46 partial coding sequence had 82% 
sequence similarity to MqCYP6B45 and one identical homologous region with a continuous 
stretch >21nt (Figure 4A). The MqBG1 partial coding sequence shared 71% sequence similarity 
with MqBG2 and no identical homologous regions with a continuous stretch >21nt (Figure 4B).  
Silencing of MqCYP6B46 and MqBG1 is target gene specific 
 To determine whether silencing of MqCYP6B46 and MqBG1 was target-gene specific, we 
quantified the transcript levels of MqCYP6B45 and MqBG2, respectively. CYP6B45 transcript 
levels in the midguts of larvae feeding on irCYP6B46 were as not reduced in comparison to 
those of EV-fed larvae (Figure 4C). From these results, we infer that the one identical continuous 
stretch >21 nt was not used in the production of potential small interfering RNA or that the 
silencing signal was not sufficient to reduce CYP6B45 transcript levels. Transcript abundance of 
BG2 in the midguts of larvae feeding on irBG1 plants was also not reduced and even slightly 
higher than those of EV-fed larvae (Figure 4D), suggesting that the silencing of BG1 may have 
up-regulated its closely related off-target gene to compensate for the loss of function of the target 
gene (Kalleda et al. 2013). These results suggest that MqCY6B46 and MqBG1 silencing by 
PMRi was highly sequence-specific and free of off-target effects.  
DISCUSSION 
 RNAi is conserved in all eukaryotic organisms. The RNAi-mediated gene silencing in 
insects can be achieved by various dsRNA delivery methods. In this study, we showed that the 
homologous target genes in the midgut of the lepidopteran M. quinquemaculata can be 
suppressed by feeding native M. quinquemaculata larvae on transgenic N. attenuata plants 
producing dsRNA against M. sexta midgut-expressed genes, under field conditions.  
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 The RNAi-induced silencing in insects is initially achieved majorly via three dsRNA-
delivery methods, such as injection (Mutti et al. 2006), ingestion (Baum et al. 2007) and feeding 
dsRNA producing bacteria (Tian et al. 2009). These delivery methods were not efficient in 
silencing of target genes in lepidoteran insects perhaps due to the instability of dsRNAs upon 
exposure to the nuclease rich environment of the larval gut. In M. sexta, RNAi-mediated gene 
silencing was first achieved by injection of dsRNAs targeting the integrin-beta1 gene, a 
haemocyte-specific integrin required for haemocytic encapsulation (Levin et al. 2005). Silencing 
of integrin-beta1 gene using RNAi decreased the encapsulation of haemocytes. Injection of the 
pathogenic bacteria, Photorhabdus luminescens into M. sexta haemolymph induces the 
expression of an antimicrobial protein nitric oxide synthase in the fat body and haemocytes 
(Eleftherianos et al. 2009). Knock-down of nitric oxide synthase expression throughout the 
larvae using RNAi increased the mortality of infected larvae, suggesting that nitric oxide 
synthesis is important for larval immune defense (Eleftherianos et al. 2009). RNAi-induced 
silencing in larval chemosensory tissues was achieved by Howlett and colleagues by feeding 
dsRNA corresponding to a coding region of the M. sexta olfactory coreceptor, a chemosensory 
receptor gene (Howlett et al. 2012).  
 In addition to the abovementioned successful RNAi-induced silencing studies in M. 
sexta, Terenius and colleagues have also reported the variable sensitivity of M. sexta larvae to 
RNAi techniques, particularly when dsRNA is delivered by injection (Terenius et al. 2011). The 
efficiency of target gene silencing may be enhanced by the continuous supply of dsRNA, 
because the core RNAi genes in M. sexta larvae are known to be induced in response to the 
dsRNA injection and elevated when contact with exogenous dsRNA is prolonged (Garbutt and 
Reynolds 2012). Injected dsRNA into M. sexta hemolymph is unstable and rapidly degraded by 
RNAse (Garbutt et al. 2013). 
 The PMRi approach, in which the insect’s host plant is utilized as an oral delivery vehicle 
of dsRNAs could circumvent the problem of dsRNA degradation by continuously supplying 
dsRNA to feeding larvae (Baum et al. 2007; Mao et al. 2011). M. sexta midgut-expressed, 
nicotine-ingestion induced CYP4B46, CYP4M1 and CYP4M3 genes are efficiently silenced 
without any co-silencing of closely related non target genes, using plant virus based dsRNA-
producing system (VDPS) (Kumar et al. 2012). VDPS based target gene silencing is rapid and 
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does not require the laborious generation of stable transgenic plants; however, this method is 
transient and cannot yet be used under field conditions.    
MATERIALS AND METHODS 
Plant material  
 All the stable transgenic N. attenuata lines EV (Schwachtje et al. 2008), irPMT 
(Steppuhn et al. 2004), irGGPPS (Heiling et al. 2010), irCYP6B46 (Kumar et al. 2012) and 
irBG1 (Poreddy et al. 2015) used in the study were previously characterized. irPMT N. attenuata 
plants (A-03-108-3) were used as nicotine deficient host plants, irGGPPS N. attenuata plants (A-
07-230-5) were used as HGL-DTG depleted host plants, irCYP6B46 transgenic N. attenuata 
PMRi plants (A-09-30-2) were used to silence M. quinquemaculata CYP6B46, irBG1 transgenic 
N. attenuata PMRi plants (A-08-375-10) were used to silence M. quinquemaculata BG1 and EV-
transformed plants (A-04-266-3) were used as transgenic controls. Silencing of M. sexta 
CYP6B46 and BG1 using irCYP6B46 and irBG1 PMRi plants, respectively was reported 
previously (Kumar et al. 2014; Poreddy et al. 2015).  
 These transgenic lines were developed from N. attenuata 30× inbred seeds, which was 
originally collected in 1988 from a native population in Utah (USA) (Krügel et al. 2002). Field 
experiments were conducted at the Lytle Ranch Preserve in Santa Clara, Utah, 84765 (37º 08' 
45'' N, 114º 01' 11''W) in 2014. Seeds of N. attenuata EV, irPMT, irGGPPS, irCYP6B46 and 
irBG1 lines were imported and released in accordance with Animal and Plant Health Inspection 
Service notiﬁcations (Table 1). Seedlings of N. attenuata were transferred to 50 mm peat pellets 
(Jiffy) 15 days after germination, then seedling were kept in the shade to get acclimatized to the 
environmental conditions of high sunlight and low relative humidity over 14 days. Adapted early 
rosette-stage plants were transplanted in to the field plot and plants were watered regularly until 
roots were established. 
M. quinquemaculata 
 Wild Manduca spp. eggs were collected from natural ovipositions on native N. attenuata 
and Datura populations in the study area during May, 2014. The hatched neonates were 
transferred to rosette-stage N. attenuata plants and reared until they had reached the third instar 
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when the two species, the tobacco hornworm (M. sexta) and the tomato hornworm (M. 
quinquemaculata) can be morphologically distinguished. When the M. quinquemaculata larvae 
had reached the fourth-instar they were used in all the experiments.  
Harvesting larval tissues 
 Fourth-instar M. quinquemaculata larval tissues such as foregut, midgut, hindgut, 
hemolymph, Malpighian tubules and fat body along with skin were collected in RNA-later for 
transcript profiling of target and off-target genes. Larvae were immobilized by placing them on 
ice before dissection. First, haemolymph was collected by clipping the larval horn, as previously 
described (Kumar et al. 2012). Then, larvae were dissected to collect various tissues. Gut content 
and peritrophic membrane was removed before midgut collection. Dissected tissues were 
immediately transferred to RNA-later solution (Ambion) and stored at -80ºC as recommended by 
the manufacturer, until further use. 
Total RNA isolation and cDNA synthesis 
 Tissues stored in RNA later solution were recovered and total RNA was extracted using 
TRI reagent (Invitrogen) according to manufacturer’s protocol. Isolated total RNA was subjected 
to TURBO DNase (Ambion) treatment to remove genomic DNA contamination. For each 
sample, 500 ng of total RNA was used for cDNA synthesis using oligo(dT)18 primer and 
SuperScript II enzyme (Invitrogen) according to manufacturer’s instructions. 
Sequencing of partial coding regions 
 M. quinquemaculata Ubiquitin, CYP6B46, CYP6B45, BG1 and BG2 gene sequences were 
initially retrieved from M. quinquemaculata midgut transcriptome and partial coding sequences 
of all these genes were sequenced by Sanger dideoxy sequencing method. The obtained partial 
coding sequences of Ubiquitin, CYP6B46, CYP6B45, BG1 and BG2 were submitted to NCBI 
under the accession numbers KX074011, KX074015, KX074014, KX074013 and KX074012, 
respectively. The primer sequences used for amplification of partial coding sequences were listed 
in Table 2. 
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Real time quantitative PCR  
 Transcript levels of Ubiquitin, CYP6B46, CYP6B45, BG1 and BG2 were determined by 
qRT–PCR conducted in Mx3005P Multiplex qPCR system (Stratagene) using qRT–PCR SYBR 
Green I kit (Eurogentec) (Kumar et al. 2012). Relative quantiﬁcation of transcripts was carried 
out by the comparative D cycle threshold method. MqUbiquitin levels were used as internal 
controls to normalize the abundance of other transcripts. All the primer pairs (Table 2) used in 
qRT–PCR were designed using Primer3 software version 4.0 (http://primer3.ut.ee/). 
Sequence similarity 
 M. sexta's CYP6B46 and BG1 coding sequences used to generate PMRi lines with 
corresponding homologous coding sequences of M. quinquemaculata were aligned and sequence 
similarities were determined using nucleotide BLAST (www.ncbi.nlm.nih.gov). Aligned regions 
were scrutinized for continuous stretches >21nt. In a similar way, MqCYP6B46 and MqBG1 
partial coding sequences were aligned with potential off-target genes to determine their sequence 
similarity. 
Statistical analysis 
 All statistical analyses were performed with StatView version 5 (SAS Institute Inc.). All 
transcript levels were analyzed by one-way analysis of variance and the statistical significance (P 
≤ 0.05) was determined by Fisher’s least significant difference post hoc tests. 
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TABLES 
Table 1. APHIS notification numbers for importing seeds and releasing transgenic N. 
attenuata plants. 
Line Import # Year Release # 
EV 07-341-101n 2014 13-350-101r 
irPMT 
(NaPMT NCBI accession no. AF280402) 
07-341-101n 2014 13-350-101r 
irGGPPS 
(NaGGPPS NCBI accession no. EF382626) 
07-341-101n 2014 13-350-101r 
irCYP6B46 
(MsCYP6B46 NCBI accession no. GU731529) 
10-004-105m 
 
2014 
 
13-350-101r 
 
irBG1 
(MsBG1 NCBI accession no. FK816842) 
10-004-105m 2014 13-350-101r 
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Table 2. M. quinquemaculata gene primers used in various experiments 
Primer 
pair No 
Gene Primer sequences (5'-3') Use   
1 MqUbiquitin 
For- CAAGAAGCGCAAGAAGAAGAAC 
Rev- CGTCCACCTTGTAGAACCTAAG 
Internal control for M. quinquemaculata 
transcript quantification 
  
2 MqBG1 
For- CCAACCGCCTATGCTGATAAA 
Rev- GTGACCATGGGTTGGATGTT 
Transcript quantification and testing the 
silencing efficiency of M. 
quinquemaculata BG1 
  
3 MqBG2 
For- GCTGTATGTTACGGCCAAGA 
Rev- CACGCGCCTTCTACTTGATA 
Transcript quantification and testing the 
co-silencing efficiency of M. 
quinquemaculata BG2 
  
4 MqCYP6B46 
For- GTGCCTATTACTCCGCGATCTA 
Rev- CAAGCCTTCTTTGCTAAACTCC 
Transcript quantification and testing the 
silencing efficiency of M. 
quinquemaculata CYP6B46 
  
5 MqCYP6B45 
For- GAAATGGATAAATTGGTTTTGACC 
Rev- TTATTTTGACAGAGAAGATTGAGG 
Transcript quantification and testing the 
co-silencing efficiency of M. 
quinquemaculata CYP6B45 
  
6 MqUbiquitin 
For- CGACTACAACATCCAGAAGGAG 
Rev- GGCTTACGGCTACATCTTAGTC 
Amplification of partial coding 
sequence of M. quinquemaculata 
Ubiquitin 
  
7 MqBG1 
For- GAAGTTGTTGATGCTCGCC 
Rev- GTGACCATGGGTTGGATG 
Amplification of partial coding 
sequence of M. quinquemaculata BG1 
  
8 MqBG2 
For- GCTGTATGTTACGGCCAAG 
Rev- GGCTGAATATTGTATTTAAGC 
Amplification of partial coding 
sequence of M. quinquemaculata BG2 
  
9 MqCYP6B46 
For- TGCCTATTACTCCGCGATCTA 
Rev- TCAATTCGCTTGCGTAGGT 
Amplification of partial coding 
sequence of M. quinquemaculata 
CYP6B46 
  
10 MqCYP6B45 
For- GATCAAAGATTTCGACGTGTTCAT 
Rev- ACTTTGAGAGGGAAGATTGAAA 
Amplification of partial coding 
sequence of M. quinquemaculata 
CYP6B45 
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Figure 1 
 
 
Figure 1. Experimental system used to evaluate if the PMRi lines generated from Manduca 
sexta genes can silence M. quinquemaculata homologous genes.  
(A) Fifth-instar M. sexta and its closely related species M. quinquemaculata larvae on their 
native host plant, the wild tobacco Nicotiana attenuata in Great Basin Desert of southwestern 
Utah. (B) Schematic overview of plant-mediated RNAi: the binary vector constructed to 
independently express ~300 bp dsRNA of M. sexta’s target genes such as cytochrome P450 
monooxygenase (CYP6B46) and β-glucosidase1 (BG1) in N. attenuata. The trophic transfer of 
these dsRNA from plant to M. sexta larvae silences their respective target gene expression. PMRi 
lines generated with M. sexta dsRNA were used to test if the trophic transfer can also silence 
homologous gene expression in M. quinquemaculata larvae in nature. 
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Figure 2 
 
Figure 2. Alignments of M. sexta cDNA regions selected to generate PMRi lines with M. 
quinquemaculata homologs.  
 (A) M. sexta CYP6B46 fragment cloned to generate inverted-repeat (ir) CYP6B46 showed 
98.1% sequence similarity with M. quinquemaculata CYP6B46 and (B) M. sexta BG1 fragment 
cloned to generate irBG1 showed 96% similarity with M. quinquemaculata BG1. Identical 
homologous regions of >21nt were identified in the alignment of M. sexta CYP6B46 and BG1 
cDNA regions selected to generate PMRi lines with that of M. quinquemaculata CYP6B46 and 
BG1, respectively.  
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Figure 3 
 
Figure 3. Silencing of midgut-expressed CYP6B46 and BG1 genes in wild M. 
quinquemaculata larvae feeding on WT, PMRi, and nicotine and DTG-depleted plants 
(A) Wild Manduca spp eggs oviposited on Datura wrightii provided the source of M. 
quinquemaculata larvae which can be distinguished from M. sexta larvae when the larvae reach 
the third- instar. (B) PMRi N. attenuata lines and N. attenuata plants transformed by RNAi to 
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silence: nicotine biosynthesis, by expressing an inverted repeat (ir) construct of the host plant’s 
putrescine N-methyl transferase (irPMT) and 17-hydroxygeranyllinalool diterpene glycoside 
(HGL-DTGs) biosynthesis, by expressing an ir construct of geranylgeranyl pyrophosphate 
synthase (irGGPPS); planted in a field plot in Great Basin Desert of southwestern Utah. (C) M. 
quinquemaculata CYP6B46 transcripts (relative to ubiquitin) in various tissues of fourth-instar 
larvae fed on EV, irCYP6B46 and irPMT plants (midgut: F
2,15
=7.219 P≤ 0.006; hindgut: 
F
2,15
=6.651 P≤ 0.008; Malpighian tubules: F
2,15
= 10.604 P≤ 0.001; n= 6 in all bars). Note that 
feeding on nicotine-containing WT plants strongly induces the midgut expression of CYP6B46 
transcripts and that feeding on the PMRi plants which contain WT levels of nicotine deplete 
CYP6B46 transcript abundance to levels found in larvae feeding on nicotine-depleted irPMT 
plants. (D) M. quinquemaculata BG1 transcripts (relative to ubiquitin) in various tissues of 
fourth-instar larvae feeding on EV, irBG1 and irGGPPS plants (midgut: F
2,14
= 9.458 P≤ 0.002; 
n= 6 in EV, GGPPS and 5 in BG1 group). Note that feeding on HGL-DTG-containing WT plants 
strongly induces the midgut expression of BG1 transcripts and that feeding on the PMRi plants 
which contain WT levels of HGT-DTGs deplete BG1 transcript abundance to levels found in 
larvae feeding on HGT-DTG-depleted irGGPPS plants. Asterisks indicate significant differences 
between means (± SE) in comparison to EV, determined by one way ANOVA and Fisher LSD 
post hoc, which was conducted separately for each tissue.  
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Figure 4 
 
Figure 4: Silencing of MqCYP6B46 and MqBG1does not silence the most closely related, 
likely non-target genes. 
(A) Alignment of MqCYP6B46 partial coding sequence with MqCYP6B45 showed 83% 
sequence similarity and one identical homologous region >21nt was identified. (B) Alignment of 
MqBG1 coding sequence with MqBG2 showed 71% sequence similarity and no identical 
homologous regions >21nt were identified. Transcripts (relative to ubiquitin) of (C) 
MqCYP6B45 and (D) MqBG2 in the midguts of fourth-instar EV-, irCYP6B46 and EV-, irBG1-
feeding larvae did not show off-target silencing of CYP6B45 and BG2, respectively, (n= 6). 
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Discussion 
 In the course of co-evolution, plants and insects have developed an impressive array of 
defense and counter-defense strategies to deal with each other. Plants produce several secondary 
defense metabolites to thwart herbivory. In response, herbivores use adaptation strategies such as 
detoxification, rapid excretion and sequestration of plant defense compounds (Self et al. 1964; 
Nishida 2002; Despres et al. 2007). I discovered β-glucosidase mediated an unusual 
detoxification mechanism adapted in M. sexta larvae against their host N. attenuata's diterpene 
glycosides, lyciumoside IV and its malonylated forms, using PMRi. Silencing of M. sexta's 
lyciumoside IV-ingestion induced β-glucosidase1 impaired the detoxification of lyciumoside IV 
and β-glucosidase1-silenced larvae experienced molting impairments and higher mortality. 
Moreover, wolf spiders, the nocturnal native predator of M. sexta larvae has showed increased 
unpalatability to β-glucosidase1-silenced larvae because of higher lyciumoside IV content in 
their bodies. This suggests that co-option of lyciumoside IV would be advantageous to M. sexta 
larvae but larvae have adapted to detoxify this allelochemical perhaps to avoid its harmful effects 
(Manuscript I). Further, I applied PMRi to silence midgut genes in M. sexta's closely related 
species M. quinquemaculata under field conditions and showed that the PMRi procedure can 
robustly and specifically silence genes in native congeneric insects that share sufficient sequence 
similarity (Manuscript II). 
 Functional genomics using RNAi technology has developed as a powerful tool in plant 
biology (Younis et al. 2014). Since the first discovery of RNAi mechanism in Caenorhabditis 
elegans in 1998, RNAi has emerged as a potential gene-silencing tool for loss-of-function 
analyses in a wide range of organisms, including lepidopteran insects (Terenius et al. 2011). The 
success of RNAi in insects is highly dependent on insect-species, target gene and function, organ 
of gene expression and mode of delivery of silencing molecules (Huvenne and Smagghe 2010; 
Terenius et al. 2011). In most of the early reports of RNAi-induced silencing in insects, the 
dsRNA is delivered using three methods such as injection (Mutti et al. 2006), ingestion (Baum et 
al. 2007) and feeding via bacteria that produce dsRNA (Tian et al. 2009). However, efficiency of 
these delivery methods is not satisfactory because of the instability of dsRNAs in nuclease-rich 
environments.  
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 M. sexta has been a model organism of entomologists for several years (Diamond et al. 
2010). In M. sexta, RNAi-induced silencing was first achieved by injection of dsRNAs targeted 
against integrin-beta1 gene, a haemocyte-specific integrin which is required for haemocytic 
encapsulation (Levin et al. 2005). Silencing of integrin-beta1 gene using RNAi has decreased the 
encapsulation of haemocytes. Injection of pathogenic bacteria, Photorhabdus luminescens into 
M. sexta haemolymph induces the expression of an antimicrobial protein nitric oxide synthase in 
fat body and haemocytes (Eleftherianos et al. 2009). Knock-down of nitric oxide synthase 
expression throughout the larvae using RNAi has increased the mortality of infected larvae, 
suggesting that nitric oxide synthesis is important for larval immune defense (Eleftherianos et al. 
2009). RNAi induced silencing in larval chemosensory tissues was achieved by Howlett et al. by 
feeding dsRNA corresponding to a coding region of the M. sexta olfactory coreceptor, a 
chemosensory receptor gene (Howlett et al. 2012). In addition to the above mentioned successful 
RNAi-induced silencing studies in M. sexta, Terenius and colleagues have reported the variable 
sensitivity of M. sexta larvae to RNAi technique particularly when dsRNA is delivered by 
injection (Terenius et al. 2011). Efficiency of silencing could be enhanced by continuous supply 
of dsRNA, because the core RNAi genes in M. sexta larvae are induced in response to the 
dsRNA injection and the expression of core RNAi genes is elevated when the duration of contact 
with exogenous dsRNA is prolonged (Garbutt and Reynolds 2012). The dsRNA injected into the 
M. sexta hemolymph is found to be unstable and rapidly degraded by RNAse (Garbutt et al. 
2013).  
 In addition to the abovementioned dsRNA delivery methods, RNAi is induced in M. 
sexta larvae using PMRi, where transient or stable transgenic plants expressing insect-specific 
dsRNAs are used to feed the insects (Kumar et al. 2012). M. sexta's midgut-expressed, nicotine-
ingestion induced CYP4B46, CYP4M1 and CYP4M3 genes can be silenced without any co-
silencing of their closely related non target genes, using plant virus based dsRNA-producing 
system (VDPS) (Kumar et al. 2012). VDPS based target gene silencing is rapid and did not 
require generation of laborious stable transgenic plants; however, this method is transient and 
can hardly be applied under field conditions. M. sexta’s unique mechanism of exhaling the 
ingested nicotine to deter predatory spiders was discovered recently using transgenic stable N. 
attenuata PMRi lines generated by Agrobacterium tumifaciens-mediated transformation of an 
inverted repeat sequence of M. sexta's CYP6B46 (Kumar et al. 2014). PMRi enabled the 
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generation of loss-of-function phenotypes of M. sexta and more importantly, examination of their 
effects in the plants’ and herbivores’ native habitat (Kumar et al. 2014). Certainly, PMRi has the 
potential to revolutionize insect functional genomics as it confers the highly desired in vivo 
dimension to this field. This thesis provides a valuable example of PMRi’s usefulness in 
unraveling a unique detoxification mechanism evolved by M. sexta larvae and also emphasize 
the application of PMRi to silence homologous genes that share high sequence similarity in 
congeneric insects. 
 Among N. attenuata's induced defense compounds, HGL-DTGs are known to thwart the 
growth of M. sexta larvae (Jassbi et al. 2008). Lyciumoside IV and its malonylated compounds 
are the major HGL-DTGs produced by N. attenuata both in herbivory-induced and un-induced 
states (Heiling et al. 2010). I selected lyciumoside IV and its malonylated forms as model HGL-
DTGs to study M. sexta's counter-adaptation against HGL-DTGs. OS is the first digestive 
substance that comes in contact with plant material during herbivore feeding. The instantaneous 
loss of malonyl groups from malonylated lyciumoside IV in the alkaline environment of M. sexta 
larval OS (Figure 1, Manuscript I) suggests that malonylation of HGL-DTGs could be a strategy 
of N. attenuata to ensure the availability of toxic lyciumoside IV to the larvae. The role of 
malonylated lyciumoside IV could be similar to that of phytoanticipins in which, glycosylation 
provides the within-plant stability of defense molecules by maintaining them in inactive or, 
rather, pre-toxin states (Jones and Vogt 2001; Bowles et al. 2006). However, the greater amount 
of free lyciumoside IV than its malonylated forms implies that the role of malonylation might be 
for distribution within the plant, rather than stability.  
Based on various studies in insects which show that deglycosylation of glycosylated 
compounds is often atoxin activation process, and reglycosylation of the formed aglycones 
serves detoxification (Despres et al. 2007; Ahn et al. 2012; Pentzold et al. 2014), I hypothesized 
that lyciumoside IV is completely deglycosylated by M. sexta larvae to form the aglycone 17-
HGL. But the 17-HGL aglycone was never found in larval bodies or frass. Instead, a novel 
compound which we identified as a partially deglycosylated form of lyciumoside IV was found 
in larval tissues and frass (Figure 2, Manuscript I). Mass spectrometry analysis of this compound 
has revealed that it contains one glucose and one rhamnose along with 17-HGL backbone. I 
isolated and purified the novel compound from larval frass and the structure of the novel 
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compound was elucidated using NMR spectroscopy as 3-O-[α-rhamnopyranosyl-(1-4)-β-
glucopyranosyl]-17-hydroxygeranyllinalool (RGHGL).  
In response to the ingestion of plant allelochemicals, insect herbivores induce several 
detoxification enzymes including cytochrome P450 monooxygenases, esterases, glutathione-S-
transferases and glucosyl-transferases. (Krieger et al. 1971; Ahmad 1983; Snyder et al. 1995b; 
Scott 1999; Ahn et al. 2011). In order to test M. sexta's response to lyciumoside IV, M. sexta 
larvae were fed on HGL-DTG-depleted irGGPPS plants, or on empty vector transformed 
controls (EV) and also on lyciumoside IV containing artificial diet. Govind et al., reported that 
three β-glucosidases were up-regulated in M. sexta larvae when they fed on N. attenuata plants 
(Govind et al. 2010). I measured the relative abundance of transcripts for these three β-
glucosidases and found that β-glucosidase1 was induced in larval midguts in response to 
lyciumoside IV ingestion. We used PMRi to silence M. sexta's midgut-expressed β-glucosidase1: 
we generated stable transgenic N. attenuata plants harboring a 301 bp fragment of Msβ-
glucosidase1 in an inverted repeat (ir) orientation (irβ-glucosidase1) to produce β-glucosidase1 
dsRNA. An in vitro enzyme assay with the midgut tissue extracts of β-glucosidase1-silenced and 
control larvae showed that the amount of RGHGL formed by midgut tissue extracts of β-
glucosidase1-silenced larvae was 55% lower than that formed in control samples. The amount of 
lyciumosdie IV ingested and the amount of lyciumoside IV and RGHGL excreted by β-
glucosidase1-silenced and control larvae were determined by an excretion efficiency 
determination assay. β-glucosidase1-silenced larvae excreted 40% more lyciumoside IV and 
70% less RGHGL than did EV-fed control larvae (Figure 3, Manuscript I). Both of these assays 
suggested that β-glucosidase1 silencing suppressed the lyciumoside IV deglycosylation in M. 
sexta larvae. 
β-glucosidase1-silenced larvae showed molting impairment, a phenomenon in which 
larvae are unable to free themselves from old exoskeleton during molting and higher mortality 
than control larvae feeding on EV plants. I used irβ-glucosidase1 plants crossed with irGGPPS 
(B×G) to test the hypothesis that reduced lyciumoside IV deglucosylation to RGHGL causes 
molting impairments and mortality. Occurrence of molting impairments and mortality in larvae 
feeding on irβ-glucosidase1 plants and on lyciumoside IV-coated B×G plants suggested that 
lyciumoside IV deglucosylation is a detoxification process and is important for M. sexta larvae.   
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 In insects, detoxification by deglycosylation is unusual, but this type of detoxification has 
been observed in phytopathogenic fungi. For example, the fungus Gaeumannomyces graminis 
(Magnaporthaceae) detoxifies the avenicin saponins of oat (triterpenoid glycosides containing 
three sugars) by β-glucosidase-catalyzed deglucosylation (Turner 1961; Crombie et al. 1986). 
Similarly, various fungi detoxify the tomato steroidal glycoalkaloid α-tomatine (containing four 
sugars) by removing its C-3 oligosaccharide, which renders it incapable of binding to 3β-
hydroxy sterols, preventing the formation of membrane pores and cell lysis which would result 
from this binding (Sandrock and Vanetten 1998; Seipke and Loria 2008). In the above cases, 
fungi detoxify the glycosides by complete deglycosylation. Whereas M. sexta larvae detoxify 
lyciumoside IV by partial deglycosylation.  
The biochemical action of lyciumoside IV responsible for its association with molting 
impairment and consequent mortality is not yet understood. In fact, the mode of action is not 
completely known for any diterpene glycosides (DTGs). However, negative effects of various 
DTGs on various organisms have been reported. For instance, pseudopterosin A (a 
monoglycosylated DTG) inhibits cell division, DNA, and protein synthesis to arrest 
embryogenesis in sea urchin (Ettouati and Jacobs 1987). Various capsianosides (monomeric and 
dimeric DTGs containing multiple sugars) negatively affect the cytoskeletal function in human 
intestinal cells by interfering in the reorganization of actin filaments (Hashimoto et al. 1997). In 
rat, steviosides inhibit cross-membrane sugar transport in various tissues (Ishii et al. 1987; 
Lailerd et al. 2004; Rizzo et al. 2013). One possibility is that lyciumoside IV could play a similar 
role in sugar transport. In β-glucosidase1-silenced larvae, lyciumoside IV accumulates in the fat 
body in considerable concentrations in comparison to EV-fed lavae (Figure S11, Manuscript I). 
During the molting process, the fat body is the site of gluconeogenesis (Thompson 1997). 
Hydrolytic products of this reaction are mobilized to serve as precursors required for chitin 
biosynthesis, which is fundamental to the molting process of insects because it ensures the 
formation and expansion of new exoskeleton by the addition of sugars to the existing chitin 
polymer. If lyciumoside IV accumulated in the fat body inhibits the sugar transport during chitin 
synthesis, it could easily hamper the formation of new exoskeleton. However, the stuck 
exoskeleton is a common problem in molting caterpillars that are weak or stressed for a variety 
of reasons. 
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 Usually insect herbivores use the ingested plant allelochemicals or their metabolized 
products against their natural enemies. M. sexta larvae exhale nicotine through spiracles in order 
to deter spiders and nearly 60% of the spiders tested were deterred by the exhaled nicotine. We 
hypothesized that M. sexta larvae co-opt either lyciumoside IV or RGHGL to use against their 
natural enemies. We introduced irβ-glucosidase1, irGGPPS and EV plants in a field plot in N. 
attenuata's native habitat and determined the larval survival on these lines (Figure 5, Manuscript 
I). Diurnal and nocturnal survivorship of larvae feeding on all three lines did not differ 
significantly, but we found carcasses of partially eaten larvae on irβ-glucosidase1 plants while 
recording the diurnal survivorship, suggesting that β-glucosidase1-silenced larvae experienced a 
distinctive predator behavior during night. The main nocturnal predator, C. parallela spiders 
completely ingested EV- and irGGPPS- fed larvae but seemed to find β-glucosidase1-silenced 
larvae unpalatable. M. sexta larvae do not externalize the ingested lyciumoside IV or its 
detoxified product RGHGL. Complete ingestion of EV-fed larvae by spiders suggests that M. 
sexta larvae have not evolved the co-option of lyciumoside IV for their own defense. Spiders’ 
chemosensory-endowed hair on legs and palps could detect lyciumoside IV coated on the larval 
surface. But the spiders are not deterred by the β-glucosidase1-silenced and control larvae, which 
have ingested lyciumoside IV, suggesting that M. sexta larvae did not co-opt lyciumoside IV 
perhaps to avoid self-intoxication. However, it would be interesting to study the other Manduca 
spp. or even the generalist herbivores of Nicotiana spp. to evaluate if HGL-DTG co-option has 
evolved in either generalist or specialist herbivores of taxa that produce HGL-DTGs. Moreover, 
it would also be interesting to study the effect of lyciumoside IV and RGHGL on other predators 
and hemolymph-dwelling parasitoids.  
 Counter-defense strategies of M. quinquemaculata larvae against N. attenuata's chemical 
defenses are largely elusive. Suppression of midgut-expressed counter-defense genes using 
PMRi is an ideal approach to unravel their role in M. quinquemaculata's counter adaptations to 
its host's chemical defenses. PMRi experiments are often conducted in laboratory conditions, but 
very few reports demonstrated successful application of PMRi in nature (Pitino et al. 2011; 
Kumar et al. 2014; Liu et al. 2015; Poreddy et al. 2015). Moreover, PMRi works in a sequence-
specific manner, so it is feasible to target congeneric insect pests that attack the same plant by 
selecting a conserved target gene region to generate transgenic PMRi plants.  
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 Since M. sexta and M. quinquemaculata are closely related species and they both co-
occur in N. attenuata's native habitat (Kessler and Baldwin 2001; Schuman et al. 2012), I 
hypothesized that irCYP6B46 and irβ-glucosidase1 PMRi plants which were originally 
generated to silence M. sexta genes CYP6B46 and β-glucosidase1, respectively could possibly 
also silence homologous genes in M. quinquemaculata. To test this hypothesis, the PMRi plants 
irCYP6B46 and irβ-glucosidase1 were planted in their native habitat and native M. 
quinquemaculata larvae were allowed to feed on these plants until larvae had reached the fourth-
instar. The RNA was extracted from various tissues of these larvae and relative transcript 
abundance was measured for the homologous genes. I found that M. sexta's CYP6B46 and β-
glucosidase1 coding sequences shared 98 and 96% sequence similarity with M. quinquemaculata 
homologous coding sequences in the regions used for cloning to generate PMRi lines (Figure 2; 
Manuscript II). Both the genes, CYP6B46 and β-glucosidase1 found to have relatively higher 
expression levels in the midguts of larvae feeding on EV plants than in the larvae feeding on 
nicotine-depleted, and HGL-DTG-depleted, transgenic N. attenuata plants, respectively, 
suggesting that CYP6B46 and BG1 expression is strongly induced in the midguts of M. 
quinquemaculata larvae in response to the ingestion of corresponding toxic compounds. 
CYP6B46 and BG1 transcripts were reduced by ca. 90 and 75% in the midguts of irCYP6B46- 
and irBG1-fed fourth-instar M. quinquemaculata larvae (Figure 3, Manuscript II), without 
reducing the transcripts of their most similar, potential off-target genes. The CYP6B46 and β-
glucosidase1 genes in wild M. quinquemaculata larvae were efficiently silenced using PMRi 
lines irCYP6B46 and irβ-glucosidase1 in N. attenuata's native habitat without any off-target 
effects detected  
 In summary, I first described the counter-adaptation of M. sexta larvae to N. attenuata’s 
major HGL-DTG defenses, lyciumoside IV and its malonylated forms. Malonylated lyciumoside 
IV readily lose their malonyl groups in the alkaline larval OS, reverting to their core compound 
lyciumoside IV. Midgut expressed β-glucosidase1 deglucosylates lyciumoside IV to RGHGL. 
Suppression of this deglucosylation by β-glucosidase1 silencing results in high lyciumoside IV 
concentration in the larval body, which further causes molting impairment and mortality. Lastly, 
I showed that in their native habitat, M. sexta’s natural enemy, the wolf spider fails to completely 
ingest β-glucosidase1-silenced larvae, due to their high lyciumoside IV content. Although 
lyciumoside IV is spider deterrent, M. sexta larvae do not co-opt it, most likely to avoid self-
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intoxication, which leads to deleterious effects such as molting impairment and mortality. Thus, 
our results show that deglycosylation can bring about detoxification; they imply that much 
remains to be revealed about detoxification of multiply glycosylated compounds by herbivores 
and roles of such compounds in tritrophic interactions. Further, I applied PMRi for silencing 
midgut-expressed genes in native M. quinquemaculata larvae in nature using N. attenuata PMRi 
plants producing M. sexta's CYP6B46 and β-glucosidase1 dsRNAs. Silencing of CYP6B46 and 
β-glucosidase1 genes in M. quinquemaculata was achieved without co-silencing of potential off-
target genes. Silencing of counter-defense genes of M. quinquemaculata may shed light on its 
counter-adaptation strategies and our study also demonstrates the potential of PMRi to control 
congeneric insect pests in agriculture. 
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Summary 
 Glycosylated phytochemicals are typically thought to release antiherbivore toxins upon 
deglycosylation. I discovered an exception: an herbivore that detoxifies a glycoside by 
deglycosylation. Nicotiana attenuata (Solanaceae) produces 17-hydroxygeranyllinalool 
diterpene glycosides (HGL-DTGs) in starch-equivalent concentrations that thwart the growth of 
its specialist lepidopteran herbivore Manduca sexta (Lepidoptera, Sphingidae). Lyciumoside IV 
and its malonylated forms, nicotianoside I and II, constitute ~80% of N. attenuata’s HGL-DTG 
pool. Upon ingestion, the malonylated forms are rapidly and non-enzymatically demalonylated 
to lyciumoside IV by the alkalinity of larval oral secretion. Ingested lyciumoside IV (44%) is 
excreted as a novel compound, 3-O-α-L-rhamnopyranosyl-(14)-β-D-glucopyranosyl-17-
hydroxygeranyllinalool (RGHGL). It differs from lyciumoside IV only in its lack of the C-17-
glucose. Of M. sexta's midgut-expressed β-glucosidases, only β-glucosidase1 is upregulated 
upon lyciumoside IV ingestion, and when silenced by plant-mediated RNAi (PMRi), larvae are 
impaired in lyciumoside IV deglucosylation. The body and frass of lyciumoside IV-ingesting β-
glucosidase1-silenced larvae contained 42% and 40% more lyciumoside IV and 63% and 70% 
less RGHGL, respectively, than controls. lyciumoside IV, but not RGHGL ingestion, is 
associated with molting impairment and mortality in β-glucosidase1-silenced larvae, indicating 
that RGHGL is detoxification product of lyciumoside IV. To examine the consequences of this 
detoxification process on natural tritrophic interactions, β-glucosidase1-silencing PMRi plants 
were planted into native habitats; control and β-glucosidase1-silenced larvae’s survival was 
similar; however, while Camptocosa parallela spiders captured and killed the control and 
lyciumoside IV-replete β-glucosidase1-silenced larvae similarly, the spiders ingested only 25% 
of β-glucosidase1-silenced larvae and ingestion resulted in locomotor distress in the spiders. 
While spiders attacked and ingested RGHGL-coated or -ingested larvae equally, they were 
deterred by the lyciumoside IV-coated larvae. Although lyciumoside IV deters spiders, it is not 
defensively co-opted by M. sexta larvae, perhaps to avoid its deleterious effects such as molting 
impairment and mortality. 
 The congeneric species M. sexta and M. quinquemaculata are closely related and co-
occur in N. attenuata's native habitat. When M. sexta larvae attack transgenic N. attenuata plants 
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irCYP6B46 and irβ-glucosidase1 plants expressing dsRNA targeting M. sexta’s midgut-
expressed genes, nicotine-ingestion induced CYP6B46 and lyciumoside-IV-ingestion induced β-
glucosidase1 genes, these larval genes which are important in adaptation to ingested host toxins, 
are strongly silenced. I show that these PMRi plants also silence the homologous genes in native 
M. quinquemaculata larvae feeding on these transgenic plants in nature. The target gene 
sequences in the PMRi lines shared 98 and 96% sequence similarity with M. quinquemaculata 
homologous coding sequences, and CYP6B46 and β-glucosidase1 transcripts were reduced by 
ca. 90 and 75% in the midguts of irCYP6B46- and irβ-glucosidase1-fed fourth-instar M. 
quinquemaculata larvae, without reducing the transcripts of their most similar, potential off-
target genes. We conclude that the PMRi procedure can robustly and specifically silence genes in 
native congeneric insects that share sufficient sequence similarity and with the careful selection 
of targets, can protect crops from attack by congeneric groups of insect pests. 
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Zusammenfassung 
 Es wird angenommen, dass glykosylierte sekundäre Pflanzenstoffe durch 
Zuckerabspaltung antiherbivore Toxine freisetzen. Hier wird von einer Ausnahme berichtet: von 
einem herbivoren Insekt, das ein Glykosid durch Deglykosylierung entgiftet. Der wilde Tabak 
Nicotiana attenuata (Solanaceae) produziert 17-Hydroxygeranyllinalool-Diterpen-Glykoside 
(HGL-DTGs) in stärke-äquivalenten Konzentrationen, die das Wachstum des auf diese Pflanze 
spezialisierten Schmetterlings Manduca sexta (Lepidoptera, Sphingidae) hemmen. Lyciumosid 
IV und seine malonylierten Formen Nicotianosid I and II machen etwa 80% aller HGL-DTGs in 
N. attenuata aus. Nach der Nahrungsaufnahme werden die malonylierten Formen aufgrund der 
alkalischen Beschaffenheit der Oralsekrete der Raupe schnell und nicht-enzymatisch zu 
Lyciumosid IV demaloniert. Das mit der Nahrung aufgenommene Lyciumosid IV (44%) wird als 
neuartige Verbindung, 3-O-α-L-Rhamnopyranosyl-(14)-β-D-Glukopyranosyl-17-
Hydroxygeranyllinalool (RGHGL), ausgeschieden. Diese Substanz unterscheidet sich von 
Lyciumosid IV lediglich durch das Fehlen der C-17-Glukose. Von den im Mitteldarm von M. 
sexta produzierten β-Glukosidasen wird nur die β-Glukosidase1 nach Aufnahme von Lyciumosid 
IV hochreguliert, und wenn ihr Gen durch Pflanzen-vermittelte RNAi (PMRi) ausgeschaltet 
wird, sind die Raupen in der Deglykosylierung von Lyciumosid IV beeinträchtigt. Der Körper 
und der Kot von Raupen, deren β-glukosidase1-Gen ausgeschaltet worden war und die 
Lyciumosid IV mit der Nahrung aufgenommen hatten, enthielten 42% und 40% mehr 
Lyciumosid IV bzw. 63% und 70% weniger RGHGL im Vergleich zu Kontrollraupen. Die 
Aufnahme von Lyciumosid IV, nicht aber die Aufnahme von RGHGL, ist mit 
Beeinträchtigungen bei der Häutung und einer erhöhten Sterblichkeit bei Raupen, deren β-
glukosidase1-Gen stillgelegt worden war, assoziiert. Dies weist darauf hin, dass RGHGL das 
Entgiftungsprodukt von Lyciumosid IV ist. Um die Folgen dieses Entgiftungsprozesses für 
tritrophische Interaktionen in der Natur zu untersuchen, wurden β-Glukosidase1-ausschaltende 
PMRi-Pflanzen in natürlichen Habitaten ausgepflanzt. Die Überlebensraten von Kontrollraupen 
und Raupen mit ausgeschaltetem β-Glukosidase1-Gen waren ähnlich. Allerdings war zu 
beobachten, dass Wolfsspinnen der Art Camptocosa parallela zwar Kontrollraupen und Raupen, 
die aufgrund des ausgeschalteten β-Glukosidase1-Gens reichlich Lyciumosid IV enthielten, mit 
ähnlicher Häufigkeit fingen und töteten, aber nur etwa 25% der Raupen mit ausgeschaltetem β-
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Glukosidase1–Gen fraßen. Fraßen die Spinnen Raupen mit reichlich Lyciumosid IV, hatte dies 
motorische Störungen zur Folge. Während die Spinnen Raupen, die mit RGHGL bestrichen 
worden waren oder dieses aufgenommen hatten, gleichermaßen angriffen und fraßen, wurden sie 
von Raupen abgeschreckt, die mit Lyciumosid IV bestrichen worden waren. Obwohl Lyciumosid 
IV Spinnen abschreckt, wird es von M. sexta Raupen nicht für die eigene Abwehr genutzt, 
womöglich um eigene Schädigungen durch diese Substanz, wie Häutungsschäden oder erhöhte 
Sterblichkeit, zu vermeiden.  
 Die ähnlichen Arten M. sexta und M. quinquemaculata sind nahe miteinander verwandt 
und kommen gleichzeitig im natürlichen Habitat von N. attenuata vor. Wenn M. sexta Raupen 
transgene N. attenuata irCYP6B46- oder irβ-Glukosidase1-Pflanzen befallen, die dsRNA bilden, 
die gegen die im Mitteldarm der Raupen exprimierten CYP6B46- und β-Glukosidase1-Gene 
gerichtet sind, werden diese Gene ausgeschaltet. In nicht beeinträchtigten Raupen wird das 
CYP6B46-Gen durch Nikotinaufnahme und das Glukosidase1-Gen durch Lyciumosid IV-
Aufnahme induziert. In dieser Arbeit wird gezeigt, dass diese PMRi-Pflanzen auch die 
homologen Gene in nativen M. quinquemaculata Raupen ausschalten, die an diesen transgenen 
Pflanzen in ihrem natürlichen Lebensraum fressen. Die Zielsequenzen in den PMRi-Linien 
wiesen 98% bzw. 96% Sequenzidentität mit den homologen kodierenden Sequenzen von M. 
quinquemaculata auf. CYP6B46- und β-Glukosidase1-Transkripte waren im Mitteldarm von M. 
quinquemaculata Raupen im 4. Larvenstadium, die auf transgenen irCYP6B46- und irβ-
Glukosidase1-Pflanzen gefressen hatten, um 90% bzw. 75% reduziert, ohne dass die Transkripte 
ihrer ähnlichsten Nicht-Ziel-Gene vermindert wurden. Wir schließen daraus, dass das PMRi-
Verfahren in der Lage ist, zuverlässig und spezifisch Gene in nativen, nahe verwandten 
Insektenarten, die ausreichend Sequenzähnlichkeit aufweisen, auszuschalten und dass bei einer 
sorgfältigen Auswahl der Zielgene Nutzpflanzen vor Befall durch Schädlinge, die zu einer 
verwandten Gruppe von Insekten gehören, geschützt werden könnten. 
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